Abstract-In this work, an on-line dead-time compensation method based on a time delay control for a pulse-modulation (PM) synchronous motor drive is presented. Disturbance voltages caused by the dead time are estimated on-line without any additional circuits nor off-line experimental measurements. The estimated disturbance voltages are fed back to the voltage reference as compensation. The proposed method is applied to a PM synchronous motor drive system and implemented using a DSP TMS320C31. The experimental results show the effectiveness of the proposed method.
I. INTRODUCTION
T O AVOID shoot-through in the dc link, a dead time is enforced in which both switches in an inverter leg are off before either switch is closed and this guarantees that both switches will not be on simultaneously. This distorts the output voltage resulting in phase current distortions, torque pulsations, and degradations of control performance [2] - [5] .
In order to overcome this dead time problem, various approaches have been presented. However, most previous approaches can only be implemented off-line. It is difficult to compensate the dead-time effects perfectly by off-line methods as the switching times and voltage drops of the power devices vary with operating conditions such as the dc link voltage, phase currents, operating frequency, and motor speed [5] . Although an on-line method is proposed in [5] , this method needs additional hardware circuits and off-line experimental measurements to set up a look-up table.
In this letter, a new on-line dead-time compensation method is proposed. The proposed method does not require any additional hardware circuits and off-line experimental measurements. The disturbance voltages caused by the dead time are estimated by using a time-delay control and fed to the voltage references in order to compensate the dead-time effects. The proposed method is applied to a pulse-modulation (PM) synchronous motor drive system and implemented in a digital manner using a DSP TMS320C31. The experiments are carried out for this system to show the effectiveness of the proposed method.
II. ANALYSIS OF DEAD-TIME EFFECT
It is convenient to analyze the dead-time effects using one phase leg of a pulsewidth modulation (PWM) inverter and ex- tend the results to the other phase legs. During a dead-time period , both switching devices in the same leg are turned off resulting in the output voltage being dependent on the direction of the phase current . Fig. 1(a) shows the ideal gate signal pattern and Fig. 1(b) shows a realistic gate signal pattern taking into account the dead time. When the phase current is positive/negative, the phase current flows through the bottom/top diode during the dead-time period. Thus, the switching device in the bottom/top side during this period is considered to be turned on, and each output voltage is as shown in Fig. 1(c) and (d), respectively. From these figures, the output voltage error caused by the dead time and switching time delays can be obtained as follows: (1) where and are the turn-on and turn-off times of the switching device, respectively. Also, the output voltage error and the magnitude of this voltage error can be represented considering the voltage drops of the switching device as follows [4] , [5] respectively. In a similar way, the output voltage errors of the other phases can also be obtained and these errors can be considered as "disturbance voltages" caused by the dead time and switching time delays.
The disturbance voltages in the frame can be transformed to the synchronous reference frame as follows: (4) where superscript " " denotes the variable in the synchronous reference frame. By employing the concept of the field orientation, the -axis current is controlled to be zero. Fig. 2 shows the disturbance voltages as a function of the electrical position using (4) under the assumption that is constant and is positive.
The magnitude of the disturbance voltages in the synchronous reference frame is a function of in (3) . While the dead time is a fixed value and the dc link voltage can generally be measured, the switching times and voltage drops of switching device are varying with the operating conditions such as the dc link voltage and currents. Since it is difficult to measure the switching times and voltage drops, dead-time compensation in an off-line manner is not easy.
III. ESTIMATION AND COMPENSATION OF DEAD-TIME EFFECT
The proposed method consists of a simple observer and a feedforward loop, and does not require any additional hardware TABLE I  SPECIFICATIONS OF EXPERIMENTAL SYSTEM   TABLE II  SPECIFICATIONS OF TEST MOTOR circuits and off-line experimental measurements. The disturbance voltages are estimated by a disturbance voltage estimator based on a time-delay control without using the mathematical analysis in (1)-(4) . In the proposed scheme, the voltage reference of inverter, motor speed, and currents are required. The electrical modeling of the PM synchronous motor and inverter including the disturbance voltages in the discrete-time domain is represented as follows: (5) where and is a modified voltage reference and , , and represent the disturbance voltage primarily due to the dead time and nonideal characteristics of the switching device, electrical speed, and linkage flux, respectively.
In order to estimate the disturbance voltages using the time delay control, the variations of the disturbance voltages during a sampling period is assumed to be nearly zero as follows [6] , [7] : (6) With this approximation, the disturbance voltages at the present time can be estimated using the value at the previous time as follows: (7) where the symbol " " and the superscript " " denote the estimated value and the nominal value, respectively. Due to the numerical differentiation of the measured current in (7), high-frequency noise in the measured current will be amplified making it necessary to use a low-pass filter. A simple first-order low-pass filter in the discrete-time domain can be represented as follows: (8) where is a cutoff frequency of the low-pass filter. Using (8), the filtered estimates for the disturbance voltages can be obtained as follows:
The disturbance voltage estimator is based on a time-delay control as shown in Fig. 3(a) and the estimated disturbance voltages are fed to the voltage references in order to compensate the dead-time effects as shown in Fig. 3(b) .
IV. EXPERIMENTAL RESULTS
The proposed compensation method is realized in a DSPbased control system of the PM synchronous motor. The processor is the floating-point DSP (TMS320C31). The sampling period and switching period of the system are set to 150 s and an 8-pole PM synchronous motor is used as a test motor. The other specifications of the experimental system and test motor are shown in Tables I and II, respectively . Fig. 4 shows the estimated -axis disturbance voltages in the synchronous reference frame, when the motor is operated at 150 r/min. The estimated disturbance voltages show nearly the same waveforms as the simulation results as shown in Fig. 2 . Fig. 5 shows the -axis current waveforms of two schemes for the step change of the current reference ( -axis current: 0 3 A). Without the compensation scheme, the dead time causes undesired current pulsations of about six times the electrical frequency in the -axis currents and also the distortion in the phase current as shown in Fig. 5(a) . Moreover, the dynamic response of the current is very slow, i.e., it has a time lag of about 20 ms. However, in the proposed scheme, the -axis current pulsations and the distortion in the phase current waveform are remarkably reduced and the dynamic response is faster as shown in Fig. 5(b) .
Figs. 6 and 7 show the experimental results of the current control ( -axis current reference: 6 A) at various motor speeds. The -axis currents and phase currents are shown in Fig. 6 and the phase currents and their spectra are shown in Fig. 7 . The results of the proposed scheme show better performance than those of the conventional control scheme for speeds below 1000 r/min. Fig. 8 shows the harmonics in phase currents and -axis currents. When the motor is operated at speeds below 1000 r/min, the phase currents and -axis currents have less harmonics components with the proposed scheme. However, the harmonics components are increased as the motor speed is increased and reach their maximum values at about 1800 r/min. This deterioration is caused by the phase delay of the low-pass filter which is used to reduce the effects of the noise caused by differentiating the current. The cutoff frequency of the low-pass filter is experimentally set to 500 Hz in this system. The test motor has eight poles and as the frequency of the disturbance voltages in the synchronous frame is six times the electrical speed as shown in Fig. 2 , this frequency at 1250 r/min is equal to the cutoff frequency of the low-pass filter. Thus, at higher speeds ( 1000 r/min), the filter influences system dynamics in a negative fashion. Moreover, the current harmonics are usually filtered out by the system inertia at a high-speed range, whereas the harmonics in the low-speed range produce noticeable effects that may not be tolerable in applications such as positioning or robotics.
V. CONCLUSION
A new on-line dead-time compensation method is proposed. The magnitude of the disturbance voltage is varying with the operating conditions and an on-line measurement of this mag-nitude is very difficult. In this letter, the disturbance voltages caused by the dead time and nonideal switching characteristics of the power devices are estimated by using a time-delay control approach and fed to the voltage references. The proposed method compensates the dead-time effects in an on-line manner without any additional circuits and off-line experiments.
The experimental results demonstrated improved performance of the proposed. The proposed method can be applied to the high-precision PM synchronous motor drive systems.
